We report here a heterojunction band gap engineered type-II InAs/GaSb strained layer superlattice photodiode for longwave infrared detection. The reported PbIbN architecture shows improved performance over conventional PIN design due to unipolar current blocking layers. At 77 K and V b = −0.25 V, responsivity of 1.8 A/W, dark current density of 1.2 mA/ cm 2 , single pass quantum efficiency of 23%, and shot noise limited detectivity ͑D 3,4 Type-II SLS detectors, based on III-V semiconductors, utilize mature growth and fabrication technologies, which can lead to highly uniform large format focal plane arrays. 5, 6 The strain in InAs/GaSb type-II SLS system reduces the Auger recombination rate and hence type-II SLS devices are not limited by Auger lifetime. 7 The major sources of dark current in InAs/GaSb based type-II SLS are diffusion current, Shockley-Read-Hall ͑SRH͒ current, tunneling current, and surface leakage current. One of the major advantages of type-II InAs/GaSb SLS system is the ability to tailor the band gap by changing the thicknesses of InAs and GaSb layers.
Photodetectors based on type-II InAs/GaSb strained layer superlattice ͑SLS͒ 1,2 have gained considerable attention in past decade for infrared ͑IR͒ detection. In particular, SLS based longwave IR ͑LWIR, 8 -12 m͒ detectors have shown high quantum efficiency ͑QE͒ and low dark currents.
3,4 Type-II SLS detectors, based on III-V semiconductors, utilize mature growth and fabrication technologies, which can lead to highly uniform large format focal plane arrays.
5, 6 The strain in InAs/GaSb type-II SLS system reduces the Auger recombination rate and hence type-II SLS devices are not limited by Auger lifetime. 7 The major sources of dark current in InAs/GaSb based type-II SLS are diffusion current, Shockley-Read-Hall ͑SRH͒ current, tunneling current, and surface leakage current. One of the major advantages of type-II InAs/GaSb SLS system is the ability to tailor the band gap by changing the thicknesses of InAs and GaSb layers.
Moreover, the superlattice system provides the ability to heteroengineer the band structure of the devices. Recently, a number of band gap engineered SLS architectures, such as nBn, 8 M-structure, 9 W-structure, 10 and complementary barrier infrared detector ͑CBIRD͒, 11 have been proposed which demonstrated superior performance compared to a homojunction design. The improved performance of these SLS devices is credited to reduction in dark current by use of current blocking layers which reduce one or several dark current components. In this paper, we propose a heterojunction band gap engineered architecture, PbIbN, in which electron and hole blocking ͑HB͒ barriers are placed near the P type and N type contacts, respectively. All the layers, including contacts, barrier layers and absorber layer have been designed by the use of InAs/GaSb SLS by merely changing the thicknesses of constituent layers. The PbIbN design has shown over two orders of magnitude reduction in dark current, over a conventional PIN design, at an applied reverse bias of 250 mV, with shot noise limited detectivity of 8. contact layer doped with Be ͑p = 2.8ϫ 10 18 cm −3 ͒ completes the structure. The PIN device under consideration has 609 nm thick Te doped N contact layer ͑n=3ϫ 10 18 cm −3 ͒ consisting of 14 ML InAs/7 ML GaSb SLS followed by a 159 nm thick graded n-doping region. This is followed by 2.1 m thick n.i.d absorber region of 14 ML InAs/7 ML GaSb SLS, followed by p-type graded doping region, 159 nm thick, of 14/7 SLS. The topmost layer is 100 nm thick Be doped GaSb P contact layer ͑p = 2.8ϫ 10 18 cm −3 ͒. Semi-empirical pseudopotential method 12 was used for calculation of flat band diagram, conduction band ͑CB͒, and valence band ͑VB͒ energies. A SENTAURUS TCAD 13 simulation platform was used for electric field calculations and equilibrium band diagram calculation, where 0 eV on energy scale refers to Fermi energy ͑E f ͒. The electric field profile at Ϫ250 mV of applied bias and band diagram at 77 K for no applied bias are shown in Fig. 2͑a͒ . For calculation of electric field, the EB layer has been approximated to have 1 ϫ 10 16 cm −3 p-type doping while absorber region and HB layers with 8 ϫ 10 15 cm −3 and 1 ϫ 10 16 cm −3 n-type doping, respectively.
14 The performance improvement of PbIbN over PIN can be explained with the help of Fig. 2͑a͒ . The EB layer sandwiched between P contact layer and absorber region blocks the minority carrier diffusion ͑electrons͒ current from P contact layer into the absorber region. Similarly the HB layer blocks minority carrier diffusion ͑holes͒ current from N contact layer into the absorber region. Moreover, the electric field drop across the active region is small as compared to a conventional PIN design since there is significant amount of field drop across the EB and HB layers, which have a wider band gap compared to the absorber region. This reduction in electric field leads to very small depletion region and hence reduction in the SRH current.
Further tunneling currents are also reduced due to significant reduction in field drop.
After the MBE growth, the material was processed into 410ϫ 410 m 2 mesa area arrays with circular apertures ranging from 25 m diameter to 300 m using inductively coupled plasma dry etching. An ohmic contact was made by depositing Ti/Pt/Au on the bottom and top contact layers of the detectors. The devices were then passivated with SU-8, 15 an epoxy-based negative photoresist, to reduce surface leakage current. Spectral response measurements for these devices were performed at 77 K at Ϫ0.2 V of applied bias. Figure 2͑b͒ shows normalized spectral response of PbIbN and PIN designs with 10.8 m and 11 m 50% cutoff wavelengths ͑ c ͒, respectively. The spectral response has been shown for wavelengths higher than or equal to 8.4 m because all the radiometric measurements reported in this paper have been undertaken using a longwave bandpass filter ͑8.4-11.5 m͒.
Figure 3 compares dark currents of PbIbN design with PIN design at various temperatures. At 77 K, PbIbN design has reduced dark current by a factor of 140 over PIN ͑V b = −0.25 V͒. However, it is to be noted that the reduction is much more significant at lower bias values with reduction in over three orders of magnitude at Ϫ50 mV of applied bias. Temperature dependent Arrhenius plot for PIN and PbIbN devices have revealed that dark current in PIN device is dominated by SRH currents above 77 K till 175 K, above 175 K the diode becomes very leaky and resistance of the device becomes comparable to the contact resistance, hence very low value of activation energy is observed at higher temperatures. While for PbIbN device, dark current is SRH limited till 150 K, as activation energy correspond to midgap states, and above this temperature device is limited by diffusion dark current.
The responsivity measurements were carried out at different temperatures using a calibrated black-body source at 900 K. Figure 4͑a͒ shows measured responsivity and the QE at =10 m at 77 K. Photoconductive gain was assumed to be unity for calculating QE. It is to be noted that no antireflection coating is used in these devices. The responsivity value at Ϫ0.5 V is 2.85 A/W with 35% QE, while at Ϫ0.25 V bias, responsivity is 1.8 A/W with 23% QE.
The shot noise limited D ‫ء‬ was calculated at 10 m using the following equation: 
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where R is the responsivity, q is the electronic charge, T is the temperature of the device, k is Boltzmann's constant, J is the current density, R d is the dynamic resistance, and A d is the diode area. Figure 4͑b͒ shows Background ͑300 K͒ photocurrent calculations were carried out using responsivity data ͑at 10 m͒ and blackbody irradiance on the detector under 2 field of view ͑FOV͒. Figure 5 demonstrates comparison between photocurrent density and dark current densities. Irradiance due to 300 K background, E bkg , on a detector for 2 FOV is 6.5 ϫ 10 17 photons/ s cm 2 for c =11 m. 16 The photocurrent density due to 300 K background generated in the detector is given by j ph,bkg = QE ϫ E bkg ϫ q. ͑2͒
It can be concluded from Fig. 5 that background photocurrent is at least a factor of 4 higher than the dark current at 100 K 17 at Ϫ0.25 V. Hence, the device is background limited performance ͑BLIP͒ at 100 K.
In conclusion, we have demonstrated a heterojunction band gap engineered LWIR ͑ c = 10.8 m͒ photodetector with PbIbN architecture based on type-II InAs/GaSb SLS system. The band gap tunability of type-II SLS system has been exploited for device realization. The reported structure has shown over two orders of magnitude reduction in dark current over conventional PIN design due to the unipolar current blocking layers which reduce the tunneling currents, SRH current, and diffusion currents. Specific detectivity of 8. 
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